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improved	 electrochemical	 performances	 of	 Li4Ti5O12	 (LTO)	 and	 TiO2	 based	 electrodes	 compared	 to	 conventional	 carbon	
additives.	The	mesopores	provide	easy	access	for	the	electrolyte	to	the	active	material	surface,	and	the	fibrous	morphology	
favors	 the	 connection	 of	 active	 materials	 particles.	 These	 results	 suggest	 that	 polysaccharide-derived	 mesoporous	
carbonaceous	materials	are	promising,	sustainable	carbon	additives	for	Li-ion	batteries.	
Introduction	




	 Electrodes	 for	 Li-ion	 batteries	 are	
prepared	by	tape	casting	a	slurry,	obtained	by	mixing	the	active	
material	 with	 a	 carbon	 additive	 and	 a	 polymer	 binder,	 on	 a	
current	 collector.	 Although	 most	 research	 is	 focused	 on	 the	
development	of	new	materials	for	better	battery	performances	
(maximized	 voltage	 and	 capacities),
2-4
	 carbon	 additives	 and	
binders	 are	 crucial	 for	 high	 stability	 and	 long	 cyclability.
5-7
	 In	
particular,	 the	 role	 of	 conductive	 carbon	 additives	 cannot	 be	
emphasized	 enough	 as	 they	 not	 only	 ensure	 the	 electron	
percolation	within	the	electrode	during	cycling,	but	also	absorb	
and	 retain	 the	 electrolyte	 improving	 the	 global	wettability	 of	
the	electrode,	thus	leading	to	a	better	Li	ion	transfer	between	
active	 material	 and	 electrolyte.
8,9
	 Thus,	 various	 methods	





	 or	 acidic	 treatment
12
	 have	 recently	 been	
proposed	to	 improve	 the	stability	of	carbon	additives	or	 their	













	 Their	 production	 process	 consists	 in	 the	
pyrolysis	 of	 various	 expanded	 polysaccharides	 (starch,	 alginic	
acid,	pectin)	without	the	use	of	a	templating	agent.	This	process	
satisfies	the	main	prerequisites	of	sustainable	chemistry	such	as	
simplicity,	 cost	 effectiveness,	 and	 eco-friendliness.
18
	 Starbon	






as	 well	 as	 in	 the	 separation	 of	 polar	 analytes.
15
	 Starbon	





or	 starch)-derived	 mesoporous	 carbonaceous	 materials	 are	
very	 efficient	 carbon	 additives	 for	 the	 formulation	 of	 Li-ion	













These	 samples	 were	 used	 as	 carbon	 additives	 in	 electrodes	
based	 on	 LTO	 nanoparticles	 to	 demonstrate	 the	 drastic	
importance	 of	 mesoporosity	 on	 the	 electrochemical	
performances.	Commercial	carbons,	including	two	conventional	
carbon	additives	(Super	P,	Y50A),	and	two	mesoporous	carbons	
(S800	 -	 a	 starch-derived	Starbon,	and	NC	 from	EnerG2),	were	
also	used	for	comparison	purposes.	Then,	electrodes	based	on	




Lithium	 titanate	 nanoparticles	 (Li4Ti5O12,	 <	 200	 nm,	 >	 99	%),	
alginic	acid	from	brown	algae	and	titanium	chloride	(TiCl4,	99	%)	
were	 purchased	 from	 Sigma-Aldrich.	 Diisopropyl	 ether	 was	
purchased	from	TCI	chemicals	(iPr2O,	99.0	%).	Super	P	(>	99	%)	
was	purchased	from	Alfa	Aesar.	Acetylene	black	Y50A	(>	99.5	%)	
was	 given	 by	 the	 Société	 du	 Noir	 d'Acétylène	 de	 l'Aubette	
(France).	 S800	was	 prepared	 by	 the	University	 of	 York	 and	 is	
similar	 to	 the	mesoporous	 carbon	 black	 Starbon	 800	 sold	 by	
Aldrich.	 NC	mesoporous	 carbon	 was	 purchased	 from	 EnerG2	
(USA).	 Sub-micron	 sized	 lithium	 titanate	 (0.5	 -	 1.0	µm)	 was	
obtained	 from	 Targray	 (Canada).	 Carbon	 black	 powders	were	
dried	in	an	oven	at	65	°C	before	use.	Diisopropyl	ether	was	dried	




Firstly,	 a	 dried	 expanded	mesoporous	 gel	 of	 alginic	 acid	 was	
prepared	 as	 described	 previously.
29

























by	 a	 non-hydrolytic	 sol	 gel	 (NHSG)	 route,	 as	 previously	
reported.
30
	 Briefly,	 TiCl4	 (11.81	mmol,	 2.240	g)	 and	 iPr2O	
(23.62	mmol,	 2.412	g)	 were	 successively	 added	 under	 argon	
atmosphere	into	a	stainless-steel	digestion	vessel	(23	mL)	with	
polytetrafluoroethylene	 (PTFE)	 lining.	 The	 sealed	 digestion	








XRD	 patterns	 were	 measured	 using	 a	 PANalytical	 X’Pert	 Pro	
MPD	diffractometer,	with	the	Ka	radiation	of	Cu	(λ	=	1.5418	Å)	
and	 a	 step	 size	 of	 0.033°	 into	 the	 10°–90°	 interval.	 N2	
physisorption	 experiments	 were	 carried	 out	 at	 -196	°C	 on	 a	
Micromeritics	3Flex;	all	carbon	samples	were	degassed	at	120°C	
for	 15	 h	 under	 high	 vacuum	 (»0.1	 Pa)	 before	 physisorption	
measurement,	except	carbon/PVDF	mixtures	which	were	dried	
at	90°C	for	15h.		
Scanning	 electron	 microscopy	 images	 were	 acquired	 with	 a	
Hitachi	 S-4800	 electron	 microscope.	 Raman	 spectra	 were	
obtained	 on	 a	 Horiba	 Jobin-Yvon	 LabRAM	 ARAMIS	









1.55	V.	 LTO	electrodes	were	 composed	of	 the	active	material	
(88	wt.%),	carbon	additive	(6	wt.%),	and	polyvinylidene	fluoride	
(PVDF,	 6	 wt.%,	 Solef	 5130),	 except	 if	 mentioned	 otherwise.	
After	stirring	 in	N-methyl-2-pyrrolidone	 (NMP),	 the	slurry	was	
mixed	using	an	agate	grinding	 jar	 (1	h	at	500	rpm),	 then	tape	
casted	 uniformly	 at	 150	 µm	 onto	 a	 copper	 current	 collector	







in	 a	 mixture	 of	 ethylene	 carbonate	 (EC)	 and	 propylene	
carbonate	(PC)		(ratio	EC:DMC	=	1:1).	Whatman	glass	fibre	disks	
were	 used	 as	 separators.	 The	 electrochemical	 galvanostatic	
measurements	were	 taken	 in	 the	 voltage	 range	 of	 2.5-1.25	V	
versus	 Li
+
/Li	 at	 different	 current	 densities.	 In	 the	 case	 of	
mesoporous	 TiO2,	 the	 electrodes	were	 composed	 of	 80	wt.%	
TiO2,	 14	 wt.%	 of	 carbon	 additive,	 and	 6	 wt.%	 of	 PVDF	 (Solef	
5130).	The	electrolyte	was	1	M	LiPF6	dissolved	in	a	mixture	of	
PC,	 EC,	 and	 dimethyl	 carbonate	 (DMC)	 (ratio		
PC:EC:DMC	=	1:1:3)	 containing	 also	 5	 %	 fluoroethylene	














The	 alginic	 acid-derived	 mesoporous	 carbonaceous	 materials	
used	 in	 this	 study	 were	 prepared	 from	 a	 dried	 mesoporous	
expanded	 gel	 of	 alginic	 acid,	 which	 was	 prepared	 by	
gelatinization,	 solvent	 removal	 and	 pyrolysis	 at	 800	 °C	 as	
described	 in	 Experimental	 section.	 The	 key	 step	 in	 the	
preparation	of	expanded	gel	is	adding	tert-butyl	alcohol	before	
the	freeze	drying	to	obtain	a	eutectic	mixture	of	water	with	tert-



































A800HPV	 490	 0.91	 0.71	 16.0	 84	 16.9	
A800MPV	 570	 0.59	 0.43	 12.5	 37	 17.8	
A800LPV	 370	 0.34	 0.20	 10.2	 23	 17.2	
A800NPV	 <	5	 <	0.01	 <	0.01	 -	 3	 11.5	
Super	P	 50	 0.13	 0.09	 -	 279	 >100	
Y50A	 45	 0.14	 0.09	 -	 172	 >200	
S800	 600	 0.88	 0.51	 11.6	 24	 16.8	
NC	 1370	 1.33	 0.89	 6.2	 32	 19.6	
SBET:	Specific	area	determined	by	BET	method;	PVtotal:	Total	pore	volume	at	P/P0	=	
0.99;	 PVmeso:	 BJH	 mesopore	 volume	 between	 2	 and	 50	 nm;	 Dp:	 BJH	 average	
























samples	 (except	 A800	 NPV)	 and	 S800	 have	 a	 much	 higher	
specific	 surface	 area	 and	 pore	 volume.	 They	 are	 highly	
mesoporous,	as	only	ca.	20	%	of	pore	volume	 is	attributed	 to	
micropores	 for	 A800HPV,	 compared	 to	 ca.	 35	 %	 for	 NC	
mesoporous	 carbon.	 As	 shown	 in	 Fig.	 S2,	 the	micropore	 size	
distribution	 for	 both	 carbons	 are	 similar,	 with	 an	 average	
micropore	size	around	0.5	nm.	No	macropores	were	observed	
for	 both	A800HPV	and	NC	mesoporous	 carbon,	 excluding	 the	
interparticular	porosity	measured	by	Hg	porosimetry	(Fig.	S3).	




	 for	 A800LPV.	 These	 values	 are	 significantly	 lower	 than	
those	found	for	 the	commercial	carbon	additives	Super	P	and	
Y50A,	 and	 comparable	 to	 those	 found	 for	 S800	 and	 NC	
mesoporous	carbon.	
X-Ray	Diffraction	patterns	(XRD)	and	Raman	spectra	(Fig.	S4	and	
S5)	 showed	 that	 all	 A800	 materials	 present	 an	 amorphous	
character	 with	 a	 disordered	 pseudo-graphitic	 structure	
independent	of	the	pore	volume.	The	degree	of	graphitization	
for	 these	 materials	 is	 significantly	 lower	 than	 that	 of	
conventional	carbon	additives	such	as	Super	P	or	Y50A.	This	has	
to	 be	 related	 to	 the	 moderate	 pyrolysis	 treatment	 used	 for	




In	 terms	 of	 morphology,	 as	 shown	 on	 SEM	 images	 in	 Fig.	 1,	
A800HPV	 and	 A800LPV	 samples	 appeared	 built	 of	 fibre-like,	
elongated	 aggregates	 in	 major	 proportion	 and	 of	 foam-like	
aggregates	 in	 minor	 proportion.	 At	 high	 magnification,	 the	
mesopores	 were	 clearly	 visible	 particularly	 in	 the	 case	 of	
A800HPV,	 the	 most	 porous	 sample.	 The	 fibrous	 structure	 in	












additives	 in	 electrodes	 of	 Li4Ti5O12	 (LTO)	 nanoparticles	
(<	200	nm	 in	 diameter,	 see	 Fig.	 S7	 for	 SEM	 image).	 All	 these	
electrodes	were	formulated	with	the	same	amount	of	carbon	(6	
wt%)	and	PVDF	binder	 (6	wt%),	 then	 tested	 in	 coin-type	half-
cells	vs.	Li	metal.	These	electrodes	are	thereafter	referred	to	as	
LTO-Carbon	name	(e.g.	LTO-A800HPV).		





all	 LTO	 electrodes	 displayed	 a	 plateau	 at	 1.55	 V	 vs	 Li
+
/Li,	





















to	 60	 mV	 for	 LTO-Y50A,	 Fig.	 2f),	 suggesting	 faster	 electrode	
reaction	kinetics	with	improved	ion/electron	transport.		
































the	 highly	 mesoporous	 carbons	 (A800HPV,	 S800,	 NC)	 led	 to	
better	 performances	 than	 the	 conventional	 carbon	 additives	
(Super	P,	Y50A).		
In	 the	 A800	 materials	 series,	 the	 reversible	 specific	 capacity	




addition,	 the	 capacity	 for	 LTO-A800LPV	 and	 LTO-A800NPV	






In	 Fig.	 4	 we	 plotted	 the	 specific	 capacity	 of	 LTO	 electrodes	
formulated	 with	 mesoporous	 carbons	 as	 a	 function	 of	 the	
mesopore	 volume.	 Interestingly,	 a	 linear	 relationship	 is	
obtained	 for	 the	 A800	 series,	 both	 at	 58	 and	 580	 mA	 g
-1
,	





the	 electrode	 formulated	 with	 S800	 fell	 on	 the	 same	 curves,	
showing	 that	 this	 relationship	 applies	 for	 all	 Starbon-like	
materials,	regardless	of	the	polysaccharide	source.	On	the	other	
hand,	 the	 values	 found	 for	 LTO-NC	 electrodes	 fall	 below	 the	
curves.	Despite	the	higher	mesopore	volume	of	NC,	the	specific	
capacity	of	LTO-NC	is	lower	than	that	of	LTO-A800HPV	or	LTO-








(grinding	 of	 slurries	 in	 NMP,	 then	 drying)	 then	we	measured	
their	porosity	by	N2	physisorption.	As	shown	in	Fig.	3	and	Table	
2,	 the	 addition	of	 PVDF	 led	 to	 a	 larger	decrease	 in	mesopore	
volume	 for	 NC	 (59%)	 than	 for	 A800HPV	 (29%),	 resulting	 in	 a	
lower	 mesopore	 volume	 for	 NC+PVDF	 than	 A800HPV+PVDF.	
This	decrease	of	pore	volume	was	not	due	to	the	grinding	as	the	




























Pristine	A800HPV	 485	 0.91	 0.71	 16.0	
A800HPV+PVDF	 78	 0.52	 0.51	 15.1	
Pristine	NC	 1370	 1.33	 0.89	 6.2	
NC+PVDF	 373	 0.48	 0.36	 5.3	
SBET:	Specific	surface	area	determined	by	BET	method;	PVtotal:	Total	pore	volume	at	
P/P0	=	0.99;	PVmeso:	BJH	mesopore	volume	between	2	and	50	nm;	Dp:	BJH	average	
mesopore	 diameter	 (desorption	 branch).	 Surface	 area	 and	 pore	 volumes	 were	
calculated	by	considering	the	weight	of	carbon	only.	





















of	 the	 electrochemical	 performance	 of	 LTO	 in	 our	 case	must	
thus	 result	 mainly	 from	 enhanced	 Li	 ions	 mobility.
31
	 LTO-
A800MPV	 showed	 electrochemical	 performances	 (rate	
capability,	cycling	performance)	close	to	those	of	LTO-Super	P	
























The	 lithiation-delithiation	 of	 LTO	 is	 a	 complex	 process,	which	
was	 believed	 to	 be	 kinetically	 dominated	 by	 electronic	
conductivity.
27
	 However,	 it	 was	 recently	 reported	 that	 the	
electronic	 conductivity	 is	 only	 one	 of	 the	 crucial	 factors,	






porosity	 but	 also	 by	 their	 degree	 of	 graphitization	 and	 their	













	 For	 example,	 LTO	 electrodes	














Fig.	 6.	 a),	 b)	 and	 c)	Cross-sectional	 SEM	 image	of	 LTO-A800HPV	electrode,	 some	LTO	
particles	 indicated	 by	 white	 arrows.	 d)	 Top-view	 of	 LTO-A800HPV	 electrode.	 More	
images	in	Fig.	S11	and	S12.	
	
Fig	7.	 Schematic	 representation	of	 LTO	electrodes	with	conventional	 carbon	additive,	
and	with	Starbon.	(scheme	not	a	scale)		
This	 enhanced	 interconnection	 of	 LTO	 particles	 can	 be	
evidenced	 by	 electrochemical	 impedance	 spectroscopy	 (ESI).	
The	 Nyquist	 plots	 (Fig.	 S13)	 show	 that	 despite	 the	 lower	






A800HPV	 is	 smaller	 than	 Rct	 for	 LTO-Super	 P	 or	 LTO-Y50A,	
supporting	the	above	hypothesis.	
In	 further	 tests,	 the	 influence	 of	 the	 loading	 in	 A800HPV	 or	
A800LPV	 on	 the	 electrochemical	 performances	 was	
investigated	(Fig.	8).		When	more	than	6	wt.%	A800HPV	is	added	
(10	 and	 14	 wt.%),	 the	 specific	 capacity	 remains	 almost	













ca	 500-1000	 nm	 in	 diameter	 (see	 Fig.	 S15	 and	 S16	 for	






(Fig.	 9).	 In	 the	 absence	 of	 a	 carbon	 additive,	 the	 specific	




























observed:	 thus,	 sub-micron	 sized	 LTO	 electrodes	 formulated	






















texture:	 anatase	 nanoparticles	 of	 ca	 15	 nm	 form	 spherical	













at	 168	 mA	 g
-1
,	 131	 vs	 125	 mAh	 g
-1









TiO2-A800HPV	 and	 TiO2-Y50A	 at	 16.8	 mA	 g
-1
	 are	 typical	 of	
anatase	 cycled	 versus	 lithium.	 In	 the	 discharge	 profile,	 the	





corresponds	 to	 the	 biphasic	 reaction	between	 Li0.5TiO2	 and	 Li	
leading	 to	 rock-salt-type	 tetragonal	 LiTiO2	 and,	 in	 the	 case	 of	
nanostructured	 TiO2,	 to	 a	 reversible	 monophasic	 pseudo-
capacitive	 interfacial	 Li	 storage.
41,42
	 Interestingly,	 it	 is	 in	 this	













In	 summary,	 we	 have	 shown	 that	 despite	 their	 moderate	
electronic	 conductivity	 polysaccharide-derived	 mesoporous	
carbonaceous	materials	can	be	highly	efficient	carbon	additives	
for	 LTO	 and	 TiO2	 electrodes,	 even	 surpassing	 conventional	
carbon	 additives.	 The	 electrochemical	 performances	 of	 the	
composite	electrodes	directly	depend	on	the	mesopore	volume	
and	also	on	the	mesopore	diameter	of	the	carbon	additive.	The	
improved	 performances	 obtained	 with	 A800HPV	 and	 S800	




particles.	 Polysaccharide-derived	 mesoporous	 carbonaceous	
materials	are	 thus	promising,	sustainable	carbon	additives	 for	
Li-ion	batteries.		
Moreover,	 with	 easily	 tuneable	 physical	 texture	 (porosity,	
surface	area),	the	application	of	these	porous	carbons	could	be	














synthesized	 mesoporous	 TiO2.	 M.D.B.	 synthesized	 dried	
expended	 gel	 of	 alginic	 acid	 and	 S800	with	 advice	 from	D.M.	
J.G.A.,	N.L.,	N.B.,	L.S.	and	B.B	supervised	data	analysis.	L.M.	and	
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